ABSTRACT Calcium retained at binding sites of the sarcoplasmic reticulum membranes isolated from rabbit skeletal muscle requires 10 -5 --10 -~ M ATP to exchange with 45Ca added to the medium. The ATP requirement for Ca exchangeability was observed with respect to the "intrinsic" Ca of the reticulum membranes and the fraction of Ca that is "actively" bound in the presence of ATP. Furthermore, a concentration of free Ca in the medium higher than 10 -8 M is required for ATP to promote Ca exchangeability. This exchangeability is not influenced by caffeine, quinine, procaine, and tetracaine, and Ca that is either nonexchangeable (in the absence of ATP) or exchangeable (in the presence of ATP) is released by 1-5 rnM quinine or tetracaine, but neither caffeine (6 mM) nor procaine (2-5 mM) has this effect. Quinine or tetracaine also releases Ca and Mg bound passively to the reticulum membranes. A possible role of ATP in maintaining the integrity of cellular membranes is discussed, and the effects of caffeine, quinine, and of local anesthetics on the binding of Ca by the isolated reticulum are related to the effects of these agents on 45Ca fluxes and on the twitch output observed in whole muscles.
that the uptake is a binding process in which Ca interacts with fixed binding sites in the membranes and remains bound to maintain electrical neutrality of the membrane phase (10, 11, 13) . Furthermore, the binding sites also interact with other cations (e.g., Zn, Mg, K, and H) and the amount of each cation bound depends on the relative affinity of the sites for each cation and on its concentration in the medium (10, 14) . We proposed that the preferential retention of Ca by isolated sarcoplasmic reticulum depends on a selectivity of the binding sites toward this cation induced by ATP, but we could not exclude the alternative possibility, also entertained by others (5, 6) , that ATP promotes active transport of Ca into the reticulum vesicles, and, once transported, the Ca binds to intravesicular binding sites (10) . Whatever the mechanism of accumulation, it is evident from our work and that of other investigators (5, 10 ) that a fraction of Ca taken up is bound to the membranes of the sarcoplasmic reticulum and, therefore, does not contribute to the activity of the cation accumulated. Our estimate is that about 80% of the maximal Ca-accumulating capacity of the reticulum is accounted for in terms of binding of the cation so that its activity gradient between the vesicles and the medium is lower than that calculated previously (7) .
Agents that modify the excitation-contraction coupling pattern in muscle and increase the force of contraction developed during the twitch may act by modifying the cation-binding properties of the sarcoplasmic reticulum, particularly with respect to the binding of Ca which regulates the mechanical activity of the contractile components of the muscle cell . Some of these agents, or potentiators (i.e., the inorganic anions, SCN-, I-, Br-, and NOB-), have been tested and were shown to interfere with the binding of Ca by isolated reticulum (11, 18) . Other potentiators, e.g., caffeine and quinine, increase the fluxes of 45Ca in the muscle cell in association with their effect on contraction (19) (20) (21) , which suggests that they mobilize Ca bound by the sarcoplasmic reticulum.
The present studies represent an investigation of the effects of caffeine, quinine, and of the local anesthetics, procaine and tetracaine, on the binding of Ca by the microsomal fraction isolated from rabbit skeletal muscle. In connection with these studies, I investigated also the role of ATP in the exchangeability of Ca bound by this muscle fraction with free Ca in the medium. The local anesthetics are of interest because they antagonize the effect of caffeine on the *~Ca fluxes and on contracture in whole frog skeletal muscle (22) . Furthermore, the same anionic sites in the phospholipids of cellular~ membranes which normally bind Ca also interact with procaine and tetracaine, and the anesthetic action of these substances has been related to this interaction (23) . In the course of studying further the role of ATP in the selective binding of Ca by muscle microsomes, it emerged that the nucleotide is required for bound Ca to exchange with free Ca in the medium. Inasmuch as the m e m b r a n o u s fragments in the microsomal fraction have a structure and chemical composition grossly similar to those of other natural m e m b r a n e materials (10, (24) (25) (26) (27) (28) , I relate the present findings on the role of A T P to a m e c h a n i s m underlying the structural modifications responsible for permeability changes in cellular m e m b r a n e s in general.
M E T H O D S
Preparation of Biological Material Fragmented sarcoplasrnic redculum was isolated in the microsomal fraction of rabbit skeletal muscle by differential centrifugation as described previously (10) . The fraction that sediments between 7,960 g and 39,100 g was employed in all studies reported here.
Binding of Cations by Fragmented Sarcoplasmic Reticulum
The binding of Ca, Mg, and K by the isolated fragmented sarcoplasmic reticulum was determined from atomic absorption spectroscopy measurements of the cations retained by the isolated sarcoplasmic reticulum under various experimental conditions as described in the figure legends. Generally, samples of the reticulum containing 10-15 mg of protein were transferred to polypropylene tubes of the rotor 40 of the Spinco centrifuge, model L, which contained the cations, buffers, and various testing agents at 23°C as indicated in the figure legends. After a 10 min equilibration period, the reaction was started by adding 1.0 ml of 10 mM ATP, and the suspension in the tubes was immediately centrifuged for 30 rain at 105,100 g in the Spinco centrifuge. The final volume was 10 ml. The supernatant solutions were collected after centrifugation, and the pellets and internal walls of the tubes were rinsed twice with deionized water. Cations trapped in the pellets with supernatant solution were removed by resuspending the pellets in 10 ml of 10 mM imidazole buffer at pH 7.0 and centrifuging the suspensions for 30 rain in the Spinco centrifuge as before. When imidazole was used to resuspend the pellets the amount of cations retained by the reticulum was slightly lower than that retained if the washing procedure was carried out with the 0.25 M sucrose employed previously (10) , presumably because the imidazole competes with the retieulum for the cations. However, the competition was negligible when the binding of Ca was promoted by ATP. Thus, imidazole affects only the passively bound Ca (Ca bound in the absence of ATP), but, even in the latter ease, experiments conducted using sucrose or imidazole as the solutions to wash loosely bound Ca, give results in which the Ca retained by the reticulum membranes are within 10 % of each other. The passive binding of Mg is affected similarly.
The cations in the washing solutions were measured, and corrections were made for cations trapped in the pellets with washing fluid. The pellets were resuspended in 7.5 mi of deionized water, and samples of these suspensions were taken for determination of Ca, Mg, K, and protein, as described in the next two sections (10, 18) .
Determination of Exchangeable Ca Bound by Sarcoplarmic Reticulum Radioactive
Ca was added to sarcoplasmic reticulum which either contained only "intrinsic" Ca (i.e., the Ca bound to the reticular membranes before the addition of extraneous Ca) or had been allowed to bind Ca in the presence of ATP as described in the previous section. In the latter case ATP remaining in the pellets was removed before adding 45Ca by washing the pellets with 10 mM imidazole of pH 7.0 as described in the previous section. In addition to 45Ca (2-4 t~c), the solutions in which the sarcoplasmic reticulum loaded with 4°Ca was resuspended contained Mg (2-5 tara), 4°Ca (0.05-0.10 tara), 10 mM imidazole buffer of pH 7.0 at 23°C, and, when specified, ATP. In those experiments in which it was necessary to regulate the pCa value of the medium, EGTA 1 was also added in concentrations varying from 0 to 10 m~. The suspensions were then centrifuged for 30 rain at 105,100 g, the supernatant solutions collected, and the pellets and internal walls of the tubes rinsed with deionized water. The pellets were subsequently resuspended in 7.5 ml of deionized water, and these suspensions were analyzed as described below.
Analyses of Cations in the Supernatant Solutions and in the Sarcoplasmic
Reticulum Suspensions These were carried out by atomic absorption spectroscopy. Analyses were performed in deproteinized solutions containing 5 % trichloroacetic acid, 0.5 % La +++, and 5 mu CsCI. The La 'lq+ and CsC1 obviate interferences generally encountered in the analysis of Ca and K, respectively, by atomic absorption spectroscopy (29) .
The radioactivity of aliquots (0.5-1.0 ml) of the same solutions used in the analysis of cations was determined, after drying the samples, in a Tracerlab automatic, proportional, gas flow counter. It was then possible to calculate from these data the specific activity (cpm/m~mole of Ca) of the Ca bound to the sarcoplasmic reticulum and of the Ca in the equilibrating medium. Simple calculations using the values for these specific activities and the total Ca bound give the Ca bound that is exchangeable and nonexchangeable under the various experimental conditions. The following relatiomhip applies in these calculations:
Exchangeable Ca --Specific activity of Ca bound X total Ca bound Specific activity of Ca in medium Thus, a ratio of one for the specific activity of Ca bound to the specific activity of Ca in the medium reflects that 100 % of the total Ca bound is exchangeable with radioactive Ca added to the medium, whereas a ratio lower than one indicates that not all bound Ca is exchangeable. Reagents The ATP was obtained from Sigma Chemical Company in the disodium form. All ATP solutions were adjusted to pH 7.0 with 1 u KOH. Contaminating Ca in ATP was not removed, but the final Ca concentrations were measured in each experiment by atomic absorption spectroscopy, and all calculations of pCa values were made using the measured values for Ca. EGTA, obtained in the hydrogen form from Lamont Laboratories, Dallas, Texas, was adjusted to pH 7.0 with 1 mM KOH. Procaine, in the form of procaine hydrochloride, was obtained from Merck. Quinine hydrochloride and quinidine sulfate were products of S. B. Penick and Co., New York. Tetraeaine hydrochloride was obtained from K & K Laboratories, Inc., Plainview, N. Y. Caffeine, used as the free base, was a product of Eastman Organic
Analyses of Protein
Chemicals. Radioactive Ca (45Ca) was obtained from Nuclear Science and Engineering Corporation, Pittsburgh, Pa., and had a specific activity of 7.9 me/rag of Ca. rnM MgCI2, 0. I na~ CaC12, and 2 #c 45Ca. Varying concentrations of ATP were then added just before centrifugation for 30 rain at 105,100 g. The radioactivity and total Ca of both the supernatant solutions and the pellets were determined as described in the text. Before analyzing the pellets for 4°Ca and 45Ca, the internal walls of the tubes and the pellets were rinsed with deionized water, or, in some experiments, the tubes were inverted and allowed to drain. Similar results were obtained by both procedures. Effect of ATP on the exchangeability of Ca bound actively (i.e., in the pres-FIGURE 2. ence of ATP) by isolated sarcoplasmic reticulum. Samples of 13 mg of reticulum protein were equilibrated in solutions of 20 ham imidazole, pH 7.0, 10 m_M KCI, 4.7 m_M MgC12, and 0.15 m~ CaC12 for 10 rain at 23°C. Just before centrifugation for 30 min at 105,100 g, 1.0 ml of 10 rn~ ATP was added. The pellets obtained were washed once with 10 rn~ imidazole as described in the text. The pellets were then resuspended in 10 ml of solutions at 0°C containing 0.1 mu CaCI~, 2 #c 4rCa, 2.3 m~ MgC12, and 20 rnM imidazole, pH 7.0, and ATP as indicated. After centrifugation for 30 min at 105,100 g, the radioactivity and total Ca of the pellets and supernatant solutions were measured as described in the text.
R E S U L T S

Effect of A TP on the Exchangeability of Bound Ca
Previous studies f r o m this l a b o r a t o r y (10) showed that after isolated sarcoplasmic r e t i c u l u m has taken up Ca in the presence of A T P , 80-100/~moles of Ca per g of protein r e m a i n b o u n d to the reticular m e m b r a n e s even after they are transferred to a m e d i u m that does not contain A T P . Therefore, it was of interest to study w h e t h e r this Ca, in excess of the intrinsic Ca, b o u n d to the m e m b r a n e s after removing A T P exchanges with ~sCa a d d e d to the m e d i u m in which the r e t i c u l u m was resuspended. T h e suspension containing the r e t i c u l u m previously exposed to 4°Ca and A T P , and now containing also 45Ca, was centrifuged and the radioactivity and total Ca of the pellet and super- 
Effect of A TP on the Exchangeability of Bound Ca at Various pCa Values
The effect of ATP on the exchangeability of Ca bound by sarcoplasmic reticulum depends on the pCa value of the medium ( Fig. 3 a, b) . At p e a values above 8, the Ca bound is essentially all nonexchangeable even in the presence of 0.5 mu ATP. At this level of Ca in the medium, 80-90 #eq of Ca per g of protein are bound and only 5% of this Ca is self-exchangeable both in the presence and in the absence of ATP, whereas 80-90% of the Ca bound is exchangeable at pCa values below 7 in the presence, but not in the absence, of ATP (Fig. 3  a) . In the presence of 0.5 • ATP, the nonexchangeable Ca at pCa values in the medium of 4-7 is about 20-30 #eq per g of protein, but at a pCa value of 8 it rises to about 85/~eq per g of protein, which represents most of the Ca bound under these conditions (Fig. 3 b) . Concurrently, the exchangeable Ca in the presence of ATP, which at low pCa values accounts for most of the Ca bound, becomes negligible at pCa of 8 or lower (Fig. 3 b) .
Raising the pCa, in the absence of ATP, from a value of 4.2 to 8 has a minor effect on the fraction of exchangeable Ca bound. Under these conditions the maximal exchangeable Ca occurs in the pCa range of 4.2-5.3, but accounts for only about 25 tzmoles of Ca per g of protein and drops to 12 /zmoles per g of protein at a pCa value of 8. The large decrease in the total binding of Ca caused by increasing the pCa of the medium is accounted for mostly by release of Ca that does not exchange with aSCa in the medium and which I refer to as nonexchangeable (Fig. 3 b) .
In interpreting these results it should be borne in mind that the total Ca present was constant, but the concentration of free Ca in the medium was regulated by EGTA so that at the higher pCa values most of the Ca in the external m e d i u m was in the form of C a E G T A . This c o m p l e x e d C a is in equilibr i u m with free C a as d e t e r m i n e d b y the law of mass action:
where KD is the dissociation constant. I t is assumed that the velocity constants determining the value of KD are relatively large so that the equilibrium for I n~ MgC12, and 0.15 mM CaClz. just before centrifuging the suspensions at 105,100 g for 10 min, 1.0 ml of 10 n~ ATP was added. After centrifugation, the pellets and internal wails of the tubes were rinsed twice with 10 ml of deionized water each time, and the pellets were then resuspended in solutions containing 20 mM imidazole at pH 7.0, 4.7 mM MgCla, 0.05 mM CaCI~, 4 #c 4~a, 0.5 mM ATP when present, and concentrations of EGTA varying from 0 to 9 m_M to give the pCa values indicated on the abscissa. The centrifuge tubes containing the suspensions were then centrifuged as before and total Ca and 4sCa were determined in the pellets and supernatant solutions as described in the text. The pCa values were calculated from the concentrations of total Ca and EGTA in the supernatant solutions and a dissociation constant for CaEGTA of 10 -11 (60) corrected for the pH of the experiments. The ATP in the medium does not change the concentration of free Ca significantly, since the nucleodde exists mostly in the form of MgATP under the conditions of the experiments.
the reaction is attained rapidly. Thus, it would be expected that even at the high p C a values, where most 45Ca in the present experiments was originally in the form of the *SCaEGTA complex, there would exist an equilibrium between C a in the m e d i u m and C a b o u n d b y the sarcoplasmic re-
t i c u l u m if the b o u n d Ca were in fact exchangeable. I conclude, therefore, t h a t the results indicate t h a t there is a r e q u i r e m e n t for a c o n c e n t r a t i o n of free C a in the m e d i u m h i g h e r t h a n a b o u t 10 -S M for A T P to p r o m o t e the e x c h a n g e of C pCa pCa FIGU~ 4. Effects of agents that affect the fluxes of 4r(la in skeletal muscle on the binding of Ca by isolated sarcoplasmic reticulum. Samples of a reticulum suspension containing 11 mg of protein were equilibrated for 10 min at 23°C in solutions of 20 r r~ imidazole at pH 7.0, 10 mM KC1, 10 mM MgCI~, 1.0 rnM CaEGTA, and one of the following test agents: caffeine (6.0 m~), procaine (2.5 mM), tetracaine (2.0 re_M), and quinine (2.5 raM). Just before centrifuging at 105,100 g for 30 rain, 1.0 ml of 10 rm~ ATP was added to each tube. After centrifugation, the supernatant solutions were collected and the pellets and internal walls of the centrifuge tubes were rinsed twice with 10 ml of deionized water each time. The pellets were then washed by resuspending them in 10 mM imidazole and centrifuging as described in the text. The washed pellets and the supernatant solutions collected after the first centrifugation were analyzed for total Ca and Mg as described in the text. The pGa values were calculated as described in the legend of Fig. 3 . Open triangles, quinine; open squares, tetracalne; filled triangles, procaine; filled squares, caffeine.
I t is i m p o r t a n t to point out t h a t the C a referred to as b o u n d in the present work is Ca that we previously established to be b o u n d at binding sites of the lipoprotein m e m b r a n e s c o m p o s i n g the sarcoplasmic r e t i c u l u m (10).
Effects of Agents That Affect the Fluxes of 45Ca in Skeletal Muscle on the Binding of Ca by Sarcoplasmic
Reticulum O n l y p r e l i m i n a r y reports exist on the effects of these agents on the binding of C a b y isolated sarcoplasmic reticulum. I n view of this a n d of the findings r e p o r t e d here on the influence of A T P a n d C a on the e x c h a n g e a b i l i t y of C a b o u n d b y sarcoplasmic reticulum, it b e c a m e of interest to d e t e r m i n e the effect of the various drugs that affect the fluxes of Ca in intact muscle (19-22, 31-34, 43) on the binding of Ca by isolated reticulum.
The type of experiments whose results are depicted in Fig. 4 was designed to test the effect of caffeine, quinine, procaine, and tetracaine on the total uptake of Ca by sarcoplasmic reticulum at various pCa values. The effect of these agents on binding of Mg was also studied concurrently (Fig. 4 b) . Caffeine or procaine does not influence the binding of either cation at pCa values between 8 and 4.8, whereas both tetracaine and quinine reduce the binding of Ca by reticulum in the same range of pCa values (Fig. 4 a) . Similar effects were observed on the binding of Mg, i.e. caffeine and procaine had only a small effect, whereas tetracaine and quinine significantly decreased the binding of this cation between pCa values of 8 and 6. At pCa values lower than 6, there was no further effect of either agent tested on the binding of Mg as compared to the control.
The sudden depression of the binding of Mg observed between pCa values of 7 and 6 was shown previously to reflect a displacement of Mg from binding sites by Ca taken up "actively" in the presence of ATP (10, 18) . The number of binding sites in the reticulum membranes at various pCa values is constant, and K and H, in addition to Ca and Mg, may be associated with the binding sites (10) . Thus, in addition to the exchange of Ca for Mg noted above in the present experiments some of the Ca taken up exchanges for K and H originally bound, and, thus, the total divalent cation binding is higher at the higher than at the lower concentrations of free Ca in the medium. The fraction of bound Mg that exchanges for Ca apparently can be released by tetracaine or quinine, but not by caffeine or procaine (Fig. 4 a and b) .
In comparing these results of the effects of the various drugs on the binding of Ca by isolated sarcoplasmic reticulum with those obtained in whole muscle in vivo studies on the fluxes of 45Ca, it is apparent that the latter effects of the drugs cannot be explained in all cases in terms of their direct effects on the Ca bound by the sarcoplasmic reticulum; i.e., in the case of caffeine and quinine, both of which increase the fluxes of 45Ca in vivo (19, 20) , only the increased etttux caused by quinine can be explained plausibly in terms of a release of Ca by sarcoplasmic reticulum caused by the direct action of the drug on this structure. However, it appears that there exists in the reticulum a fraction of Ca more labile than that detected by the methods employed to study the uptake of Ca by isolated reticulum in the present studies, and that this fraction of Ca can be released by caffeine (10, 35) . The local anesthetics, procaine and tetracaine, affect the binding of Ca by reticulum differently (Fig. 4 a) , whereas both have been shown to decrease the fluxes of 45Ca induced in vivo by caffeine (22) . These observations will be discussed further in the Discussion. THE  JOURNAL  OF GENERAL  PHYSIOLOGY  • VOLUME   5 2 • I968 caffeine and quinine on the fluxes of 45Ca in whole muscle have been construed to indicate an increase in release of total Ca (i.e., 45Ca + 40Ca) from muscle by these agents (19) (20) (21) 32 ). This conclusion presupposes that the exchangeability of Ca in muscle is not affected by the agents, an assumption which has F]oum~ 5. Sensitivity of exchangeable and nonexchangeable bound Ca to caffeine, quinine, and local anesthetics. Samples of a retieulum suspension containing 15 mg of protein were equilibrated for 10 rain at 23°C in solutions of 20 mM imidazole at pH 7.0, 15 rr~ KC1, I0 m.M MgCI~, and 0.15 rn~ CaC12. Just before eentrifugatlon for 30 rain at 105,100 g, 1.0 ml of 10 rnM ATP was added to each tube. The pellets obtained after eentrifugation and the internal walls of the tubes were rinsed twice with 10 ml of deionized water, and the pellets were then washed by resnspending them in 10 m_M imidazole at pH 7.0 and centrifuging as before. The pellets obtained were resuspended in solutions containing one of the test agents indicated. In (a) the addition was made in the absence of ATP and in (b) in the presence of ATP. Only quinine was tested in part (b). In (a), the solutions containing one of the test agents had also I0 rnM imidazole of pH 7.0, 0.05 mu Ca, and 2 #c of 45Ca. In (b), the imidazole and Ca concentrations were the same as in part (a), but, 0.5 mu ATP and 2.0 mM MgC12 were also present. The suspensions were then centrifuged as before and total Ca and 4~Ca analyses were per- not been tested. Since most of the Ca released from muscle by caffeine and quinine is now assumed to derive from that stored in the sarcoplasmic retieulum, it is of interest to test whether these agents affect the exchangeability of Ca bound by the isolated reticulum. Fig. 5 a summarizes the rcsults of experiments which show that in the absence of ATP only about 20% of the total Ca bound is exchangeable with ~Ca in the medium. This fraction of exchange-able Ca remains approximately constant at 20-25 #eq of Ca per g protein at concentrations of caffeine, quinine, procaine, and tetraeaine of 0 -6 raM. T h u s , release of Ca, observed in the cases of quinine and tetraeaine occurs essentially at the expense of b o u n d Ca which is not self-exchangeable in the absence of A T P (Fig. 5 a) .
Sensitivity of Exchangeable and Nonexchangeable Bound Ca to Caffeine and Quinine and to Local Anesthetics The results of in vivo studies on the effects of
In the experiments described above, the isolated reticular fraction was allowed to take up Ca in the presence of 1 mM A T P (and Mg, K , ~°Ca, a n d imidazole buffer as indicated in legend of Fig. 5 ). T h e pellets were then resusp e n d e d in solutions containing the test agents, b u t no A T P . If A T P (0. Quinine (raM) 8 Fxoums 6. Release by quinine of passively bound Mg and K (in addition to release of actively bound Ca) from isolated sarcoplasmic reticulum. The binding of Ca, Mg, and K was studied in the following medium: Reticulum protein, 15 rag; imidazole, 20 nm at pH 7.0; KC1, 15 mu; MgCI~, 10 re_u; original CaCl~ concentration, 0.15 m~. After 10 rain equilibration, 1.0 ml of I0 nm ATP was added and was followed by centrifugation at 105,100 g for 30 rain. The pellets and internal walls of the centrifuge tubes were then rinsed twice with 10 ml of deionized water each time, and resuspended in the following solutions at 0°C containing also various concentrations of quinine: Imidazole, 10 nm at pH 7.0; MgC12, 2.0 m~; CaCl~, 0.05 mu. The suspensions were then centrifuged for 30 rain at 105,100 g, the pellets were rinsed with deionized water as before, and then washed by resuspending them in 10 ml of 10 nm imidazole at pH 7.0 and centrifuging as before. Analyses of Ca, Mg, K, and protein were performed as described in the text.
e x c h a n g e d with *SCa in the m e d i u m (Fig. 5 b) . Q u i n i n e (0-5 rnM) in the presence of A T P (0.5 raM) released p r e d o m i n a n t l y this exchangeable fraction of b o u n d Ca. T h e effect of quinine and A T P was i n d e p e n d e n t of the order of addition of these two substances (Fig. 5 b) . T h e fraction of n o n e x c h a n g e a b l e Ca r e m a i n e d low at all concentrations of quinine; it accounted for a b o u t 20 #eq of Ca per g of protein before and 10/zeq of Ca per g of protein after addi-
tion of 5 mM quinine. However, the exchangeable Ca decreased from 110 peq of Ca per g of protein before to about 25 after the addition of 5 rnM quinine. The effect of intermediate concentrations of the alkaloid is also shown in Fig. 5 b.
In both types of experiments whose results are described above (i.e., in the presence and absence of ATP) neither caffeine nor quinine affects the exchangeability of Ca bound, and either fraction of Ca can be released by quinine or tetracaine (Fig. 5 a) . As discussed in the previous section, neither caffeine ~flor procaine influences the Ca bound by the microsomal fraction under the conditions of these experiments. FiGtrem 7. Effect of caffeine, quinine, quinidine, and local anesthetics on the passive binding of Ca by isolated sarcoplasmic reticulum. The reticulum (total of 12 rag) was equilibrated for 10 rain at 23°C in solutions containing 20 m_~ imidazole at pH 7.0, 5 mM CaCI2, and the test agents in concentrations as indicated on the abscissa. The suspensions were then centrifuged for 30 min at 105,100 g and the pellets and internal walls of the tubes were rinsed twice with 10 ml of deionized water each time. The pellets were further washed with 10 mM imidazole as described in the legend of Fig. 6 . Analyses of Ca and protein were performed as described in the text.
Release of Passively Bound Ca, Mg, and K from Isolated Sarcoplasmic Reticulum by Caffeine, Quinine, and Local Anesthetics Quinine releases passively bound Mg
and K from the reticular membranes, as well as the actively bound Ca discussed so far. Fig. 6 shows the effect of concentrations of quinine up to 5 mM on the binding of the three cations. The reticulum was allowed to take up Ca actively in the presence of ATP, Mg, and K and then was washed with I0 m u imidazole at p H 7.0 containing 2 mM Mg and varying concentrations of quinine (0-5 mM). In the absence of quinine, 210 #eq of Mg, 140/~eq of Ca, and 30 #eq of K were bound per g of protein.
Quinine decreased the binding of all three cations as shown in Fig. 6 . The maximal binding capacity of the reticular membranes was decreased from 380 to about 160 #eq of cations per g of protein by 5 rr~ of quinine. Intermediate concentrations of the drug had smaller, but significant effects, on the capacity of the membranes for cations.
In these experiments, the Ca bound by the membranes had been taken up selectively in the presence of ATP from a medium containing about 10 -~ M Ca and a large concentration of Mg (10 mM). In this ionic medium most of the binding sites are associated with Mg before adding ATP (Fig. 5) . However, if the concentration of Ca in the medium is increased to about 5 mM and no Mg is added, it is possible to saturate most of the binding sites with respect to Ca even in the absence of ATP. Fig. 7 depicts the results of studies on the effect of caffeine, quinine, and local anesthetics on this fraction of passively bound Ca. The results are similar to those reported for Ca bound actively in that caffeine and procaine are without effect whereas tetracaine and quinine release bound Ca. Quinidine was also tested and found to act similarly to quinine and tetracaine (Fig. 7) .
DISCUSSION
Role of A TP in the Exchangeability of Bound Ca
The results presented indicate that ATP, which induces the selective binding of Ca by isolated sarcoplasmic reticulum, promotes exchangeability of otherwise nonexchangeable Ca bound to the membranes with Ca in the medium. The fraction of Ca (about 50 #eq of Ca per g of protein) that remains bound to the fragmented membranes after the isolation procedure employed to obtain the sarcoplasmic reticulum, i.e. the intrinsic Ca, is an essential component of the membrane system. Thus, removal from the reticular membranes of the intrinsic Ca by Chelex-100 resin causes these membranous components of muscle to lose their ability to "relax" actomyosin systems, which is related to the loss by the membranes of their Ca accumulating ability (36) . Concurrently with the loss of the intrinsic Ca, Lorand and coworkers (37) detected a release of bound nucleotide, identified as ATP, normally associated with the isolated' membranes. The function of this bound nucleotide has not been elucidated, but it was suggested by Lorand that a Ca-ATP complex might be an integral component of the reticular membranes in muscle. However, the fraction of Ca bound, in addition to the intrinsic Ca, when ATP is added to the medium, is not retained in the form of a Ca-ATP complex since the best measurements indicate that 50-100 moles of Ca can be bound per mole of bound ATP (2) .
Binding in the present studies refers to an electrostatic interaction between the Ca ion and the chemical components of the membranes as established previously (10, 18) , as opposed to an accumulation of the cation in membrane vesicles against an electrochemical gradient (7). Each molecule of ATP is apparently capable of affecting many Ca-binding sites and the Ca remains tightly bound even after the ATP in the medium is washed off (10). I could
not establish, however, whether the washing procedure also removes ATP bound to the membrane since strict experimental conditions for measuring ATP binding could not be met because of the high rate of hydrolysis of ATP at the protein concentrations used in the experiments. The results of preliminary experiments designed to study the binding of ATP employing ATP-~4C and an ATP-regenerating system suggest that the ATP content of the membranes, after exposing them to the nucleotide and washing several times with 10' rnM imidazole buffer at pH 7.0, is higher than the basal ATP content of the membranes before the exposure, which indicates that some ATP remains bound after this treatment. As many as 100-200 moles of Ca remain bound per mole of ATP retained under these conditions. 8 This aspect of the problem is presently being studied in detail.
The Ca that remains bound to the membranes after exposing them to ATP and washing off the ATP usually is 150-200 #eq of Ca per g of protein.
Only about 30~o of this Ca exchanges with *6Ca added to the medium in the absence of ATP (i.e., after ATP is washed off), but 10-5-10 .4 u ATP in a medium containing 2-5 m_~ Mg increases the exchangeability of the Ca which remains bound under these conditions to about 95a~ ' (Fig. 2) . This suggests that the Ca bound is in a dynamic state when ATP is present, but assumes a rather static state, presumably in the form of a Ca-membrane complex, when ATP is absent from the medium.
The permeability and electrical properties of biological membranes are susceptible to the interaction of Ca and the chemical components of the membranes (38--40, 59) . Various hypotheses for the molecular mechanisms underlying excitation in nerve and muscle implicate Ca as the agent directly involved in modifying the membrane structure in response to stimulation (40, 41) . The present investigation, as well as earlier studies from our laboratory (10) , shows that the interactions of Ca with membrane systems isolated from muscle are influenced by ATP so that the nucleotide may determine which cation in the medium will maintain electrical neutrality in the membrane phase, primarily by regulating the affinity of the binding sites of the membrane for Ca (10) . The significance of these observations as applied to cellular membranes in general should be considered in the light of the following facts: (a) Membrane systems isolated from nervous tissues display an ATP-dependent Ca-binding ability similar to that of the microsomal fraction of skeletal muscle (42--44) . (b) Structurally, and, to a great extent, chemically and enzymatically, membrane systems isolated from various tissues are similar (24) (25) (26) (27) (28) 45) . (c) Several studies have indicated that ATP and other nucleotides stabilize the nerve membrane in media of low Ca content, probably by increasing the binding of Ca by the membrane (46) , and that depolarization of excitable nerve cells produces an increased release of membrane orthophosphate and A T P (47) .
The high affinity of ATP for Ca (48) suggests that these two components of cellular membranes may exist in the membranes to some extent in the form of a complex. Such a complex would be susceptible to the ATPase activity of the membrane, since ADP, the product of A T P hydrolysis, has a much lower affinity for Ca then ATP. Furthermore, decreasing the A T P content of the membrane may also lead to loss of membrane specificity for Ca binding. It is plausible to propose that an early step leading to the transient structural changes in the cellular membranes, which underlie the shifts in their permeability properties, is the release or the hydrolysis of A T P bound to the membrane structure that is instrumental in determining the level of Ca in the membrane phase. Recently, D. K. Hill (49) presented evidence that A T P in the toad muscle is compartmentalized within the muscle cells and appears to be concentrated in the regions of the transverse cellular network of tubules. Release of A T P from these membranous structures may represent an early step in excitation-contraction coupling. Increased, permeability of the transverse tubular elements at the level of the terminal cisternae, caused by the release or hydrolysis of ATP induced by an electrical signal moving along the T tubules, could trigger the release of Ca normally accumulated in the adjacent terminal cisternae. It is not known how the nucleotide associated with the membranes is protected from the enzymes of the membranes which normally hydrolyze it. It should be pointed out that even in the complete absence of Ca, the isolated membranes of the sarcoplasmic reticulum have a considerable adenosine triphosphatase activity; i.e., Mg++-ATPase and Na+-K+-ATPase. The latter ATPase is in fact stimulated by the removal of Ca++, so that mere regulation of intracellular Ca concentration does not suffice to prevent a constant hydrolysis of ATP within the cell.
The ATP-dependent exchangeability of Ca bound with Ca in the medium was shown in the present study to require a concentration of free Ca higher than 10 -8 M. These results were discussed in connection with the presentation of the results and no speculation as to the mechanism involved is attempted here, except to suggest that membrane-bound Ca might exchange only with CaATP rather than with free Ca, and that a threshold concentration of Ca-A T P may be required in the same sense that a threshold concentration of A T P (or CaATP?) is required for the selective binding of Ca. Weber and coworkers (5, 6) have reported that at an external Ca ++ concentration of 2 X 10 -8 M, the outflux of Ca from the isolated vesicles of the reticulum is reduced and that it can be augmented by increasing the external Ca concentration. However, this conclusion does not take into consideration the effect of the external Ca ++ on the exchangeability of the bound Ca, and what was con-
sidered an alteration in fluxes may simply reflect an alteration in the fraction of bound Ca ++ that is exchangeable.
Effects of Caffeine, Quinine, and Local Anesthetics on Ca Binding
The results of the studies on the effects of caffeine, quinine, and local anesthetics on the binding of cations by sarcoplasmic reticulum have been discussed in part in connection with their presentation in an earlier section. I should like to further relate them here to other findings obtained both with subcellular fractions of muscle cells and with whole muscle. The results reported here show that either quinine or tetracaine, but neither caffeine nor procaine, depresses the selective binding of Ca by isolated sarcoplasmic reticulum induced by ATP, or releases the bound Ca if added after the Ca has been accumulated by the reticular membranes (Figs. 4 and 5) . Quinine or tetracaine also releases from the membranes passively bound Ca; i.e., Ca bound nonspecifically in the absence of added ATP. This effect of both drugs has also been reported by Bondani and Karler (58) . The effect of these substances on the cationic content of the reticular membranes appears, in fact, to be rather general in that Mg, K, and probably other cations are also released. Only a small effect on the K content of the membranes was observed because the binding sites were effectively saturated with respect to Ca and Mg under the conditions of the experiments. Both Mg and K are bound to satisfy the electrical neutrality of the membrane phase, and no active mechanism of uptake is involved. These cations bind at the same binding sites responsible for the active uptake of Ca and the amount of each cation retained by the membrane materials depends on the relative affinity of the binding sites for the cations (10). Thus, a displacement of Mg and K from the membranes occurs when ATP induces a selective binding of Ca (10, 18) .
The interference with binding of Ca by isolated sarcoplasmic reticulum [also observed with lipid extracts of the reticulum (54)] caused by quinine is consistent with the suggestion that the reported increased fluxes of 4~Ca induced by the drug in frog sartorius muscle reflect augmented concentrations of free myoplasmic Ca that has been released from the reticulum by the drug (20) . This level of myoplasmic Ca, higher than normal, would then be additive to additional Ca released by depolarization of the cell membrane and thus lead to potentiation of the twitch (20, 21, 50) , or, when quinine is present in sufficiently high concentration, the drug may itself lead to contracture (51), by sustaining an intracellular concentration of free Ca sufficient to activate the contractile elements. A similarly plausible hypothesis was previously advanced to account for the potentiation and contracture actions of caffeine which, like quinine, increases the fluxes of 4~Ca studied in various types of muscles (19) (20) (21) (22) 32) .
Local anesthetics (procaine and tetracaine) partially neutralize the effects of caffeine on both the tension development and 45Ca fluxes in frog skeletal muscles (22, 55) . On the other hand, they also cause contracture of skeletal muscle of frog and rat under certain conditions* (55). These observations cannot readily be explained in terms of the effects of caffeine and local anesthetics on the binding of Ca by isolated retieulum reported here, but it should be noted that, whereas in the present investigation I used sarcoplasmic reticulum isolated from skeletal muscle of rabbit, the studies on the effects of these substances on *SCa fluxes and on contracture were performed in amphibian and rat skeletal muscles. Furthermore, I discuss below other observations that should be taken into consideration in making the correlations attempted above, particularly with respect to caffeine. Caffeine does not release the fraction of Ca bound actively (in the presence of ATP) or passively by the sarcoplasmic reticulum (Figs. 4, 5 , and 7) (10, 14) . These results are at variance with those reported by Herz and Weber (35) . However, we have shown that a fraction of Ca accumulated by the sarcoplasmic reticulum under steady-state conditions, in addition to the Ca retained at binding sites, is in fact sensitive to 5 mvi caffeine (10) . This Ca represents about 2 0~ of the total Ca capacity of the sarcoplasmic reticulum, which is about the fraction of the maximal Ca capacity of the reticulum that Herz and Weber found to be sensitive to caffeine. This may account for the increased fluxes of *sCa caused by caffeine in vivo (19, 20, 32) . However, the effect of caffeine on the cation content of the reticulum membranes is decidedly different from that of quinine in that the latter substance releases both actively and passively bound Ca, as well as Mg and K. The effect is a general depletion of cations associated with the membranes after treatment with quinine. This effect has not been observed with caffeine. In general, the results obtained with quinine and caffeine, both of which penetrate the muscle cell (52, 53) , are consistent with the idea that an increased outflux of *6Ca from whole muscle treated with caffeine or quinine probably reflects an increase in free myoplasmic Ca derived from the sarcoplasmic reticulum (19, 20, 32) . This is further supported by the findings reported here that neither drug increases the exchangeability of Ca bound by isolated sarcoplasmic reticulum (Fig. 5) , so that an increased outflux of *sCa must indicate release of the cation within the muscle cell.
The local anesthetics, procaine and tetracaine, bind to phospholipids and membrane lipoprotein complexes at the same binding sites that interact with Ca (23) , and it appears that the stabilizing action of Ca and procaine on lobster giant axons results also from their interaction at the same sites in the membrane (56) . However, the results reported here show that in the case of rabbit sarcoplasmic reticulum, procaine does not compete with Ca for the binding sites of the membrane. Whereas procaine has no detectable effect on
the cation-binding properties of the reticular membranes, tetracaine depresses their active uptake of Ca and can also release b o u n d Ca (Figs. 5 and 7) . T h e p K values for procaine and tetracaine are 8.9 a n d 8.2, respectively (55, 57) so that at a p H value of 7.0, used in the present experiments, the cationic forms of the local anesthetics predominate. T h e cationic forms of local anesthetics were previously shown to be most effective in competing with Ca for the binding sites of phospholipids, and the general evidence suggests t h a t it is this form of the molecules that is effective in inducing anesthesia (23, 57) . H o w e v e r , Bianchi and Bolton (55) concluded recently that, with respect to the interaction of these agents with sarcoplasmic r e t i c u l u m in situ, the cationic and free base species of the molecules act antagonistically, the free base being the species t h a t causes release of Ca, u n d e r conditions in which the agents cause c o n t r a c t u r e in frog muscle. T h e concentration of free base at a p H value of 7.0 is higher for tetracaine t h a n it is for p r o c a i n e which m a y a c c o u n t for the differences observed between their effects on the binding of Ca.
